Cooperative communication uses idle nodes to achieve performance gains. Energy harvesting allows cooperative communication to be less dependent on batteries. In this paper, the performance of energy harvesting (EH) amplify-and-forward relaying is analyzed for Rician fading channels, in contrast to previous works that focused on Rayleigh fading channels. Continuous time EH protocol and discrete time EH protocol are considered. Analytical expressions for the average throughput are derived. Numerical results are presented to show the good performance of the system in Rician fading channels by examining various system parameters using the analytical expressions.
Introduction
Amplify-and-forward (AF) relaying is widely used in communication systems to extend network coverage or achieve diversity gain. In AF relaying, the information from the source node is received and amplified by the relay node before it is forwarded to the destination node. On the other hand, wireless energy harvesting has an important application in relaying. The relay node may be limited by its battery life so that it may count on some external power source to remain active in the network. In this case, energy harvesting is particularly useful, as the source node can act as an external power source for the relay node by transmitting energy wirelessly.
Several works have been done on either energy harvesting technique or amplify-and-forward relaying technique, to name a few. References [1] [2] [3] considered the use of energy harvesting from ambient radio frequency signals to power a wireless sensor network. References [4, 5] studied the transmission strategies for EH nodes. In these cases the nodes harvest energy at some time instant and transmit the harvested energy at some other time instants. In [4] , the transmission time minimization was considered. Reference [5] studied the maximized short-time throughput for EH systems.
Reference [6] also studied ambient RF energy harvesting, but instead of using the harvested energy to power the wireless sensor network directly, it considered the option of storing the harvested energy in a capacitor or battery to power the wireless sensor network. In [7] , a radio frequency energy harvesting model was analyzed by considering a receiving antenna part, a rectifying part, and an energy storage in the circuit. In [8] , the optimum sampling of a random field was studied. Reference [9] studied the best-effort sensing with finite battery. The optimum estimation of a continuous time random process using discrete time samples taken by a sensor with wireless power was studied in [10] . This work showed that, for the sensing of a time-varying random event with wireless power, the optimum performance is achieved when the energy-harvesting-consumption-ratio is 1. In other studies, the optimal placement of the relay node was also studied. For example, [11] considered a dual-hop energy transfer scheme, while [12] presented a novel optimization problem for two-hop RF energy transfer to improve wireless energy transfer efficiency. In [13] , artificial noise was added to reduce the information leakage rate for energy receivers while satisfying its energy harvesting requirements. Reference [14] considered a wireless energy harvesting enabled massive multiple-input-multiple-output relaying system in order to provide wireless security. A protocol using one part of each frame for energy harvesting and the other part for message transmission was considered in [15] . In [16] , the optimum performance boundaries of a two-hop multiantenna AF relaying system with a multiantenna energy harvesting (EH) receiver were studied. Also, energy harvesting techniques for practical devices in low-power applications were studied using energy harvesting relaying in [17] [18] [19] . Reference [20] studied the different rate-energy trade-offs in order to achieve the optimal source and relay coding in a multiple-inputmultiple-output relay system. Reference [21] proposed two protocols of energy harvesting AF relaying and analyzed the throughput of each protocol (continuous time EH protocol and discrete time EH protocol). All the above works have been conducted for Rayleigh fading channels. However, it is well known that Rayleigh fading channel is only a special case of the Rician fading channel when the line of sight is 0. Thus, the Rician fading channel is more general and useful than the Rayleigh fading channel, and it is of great interest to investigate the performance EH relaying in Rician fading channel.
In this paper, we fill this gap by analyzing the performance of energy harvesting AF relaying in Rician fading channels. We consider two EH protocols, similar to [21] , as continuous time EH protocol and discrete time EH protocol. Based on these protocols, we derive the analytical expression for the throughput in the Rician fading channels, which is more challenging due to the Bessel function in its probability density function. Numerical results are presented to compare the Rician fading channel with the Rayleigh fading channel. They show that the performance in Rician fading channel is better than that in Rayleigh fading channel and this performance gain can be quantified using our results.
The rest of this paper is organized as follows. Section 2 presents the system model of AF relaying system with energy harvesting. In Section 3, we derive the analytical expression for the throughput of each protocol in Rician fading channel. In Section 4, we show the numerical examples obtained from the analytical expressions and verify its accuracy using computer simulation. Section 5 concludes the paper.
System Model
We consider a cooperative communication scenario constituted by a source node (S), a destination (D), and an intermediate relay node (R). The source node and the destination node are not energy-constrained, but the relay node is energy-constrained. We assume that the destination node can not communicate directly with the source because of physical obstacles. This is a valid assumption in some communication scenarios. Then, deploying EH relay nodes will be a good solution to make the communication between source and destination work effective.
The following assumptions of relaying model are used in this work.
(1) The processing power used for the circuit at the relay is negligible compared with the transmission power required by the relay.
(2) The energy-constrained relay node first harvests sufficient energy from the source and then the relay node relays the source information to the destination using the harvested energy. The battery capacity at the relay is much larger than the required transmission power.
(3) The relay adopts the time-switching (TS) architecture. It spends a portion of time for energy harvesting (EH) and the remaining time for information transmission (IT).
(4) The S → R and R → D channels are composed of Rician fading and large-scale path loss. We denote the distances between S → R and R → D as 1 and 2 , respectively. The channel fading gains between S → R and R → D are denoted, respectively, as ℎ and . The fading channel gains are assumed to be constant over a period of seconds and are independent and identically distributed from one block to the other. 
Signal Model.
For the th block, the source node sends the normalized information signal with E{| | 2 } = 1 through the S → R channel, which is received at the relay node as , .
where ℎ is the S → R fading channel gain, 1 is the distance from source to the relay, is the path loss exponent, is
Mobile Information Systems 3 the source transmission power, and , is the additive white Gaussian noise (AWGN) with mean zero and variance 2 . Then, the AF relay harvests enough energy to guarantee the required transmission power in the IT part. For the general case, can be any value set by the requirements of the application QoS, which will produce different throughput. After the EH part, the relay amplifies the received signal and forwards it to the destination node. The signal sent by relay is
where |ℎ | 2 / 1 + 2 is the average power of , such that
Finally, the signal , received by the destination node is given by
In (4), is the R → D fading channel gain, 2 is the distance of the R → D link, and , is the AWGN at the destination node. From (4), we can distinguish the signal part and the noise part, where
is the signal part and
is the noise part. Thus we can get the signal-to-noise ratio (SNR) at the destination node as
where again 2 is the variance of AWGN at R node. For the th block, if the SNR is less than the threshold SNR ( 0 ) there will be outage. So we get the outage indicator 0, as
where L(⋅) is an indicator function which is equal to 1 if its argument is true; otherwise it is 0.
EH Relay Protocols

Continuous Time EH Protocol.
In this protocol, the relay harvests the energy just enough to transmit the information signal. The continuous time EH relay makes sure that the relay can harvest the required amount of energy within each block and transmit it to the destination node. The EH-IT pattern only has one block [21] . As Figure 1 shows, firstly the relay spends seconds on harvesting energy, where ∈ (0, 1). Then, in the IT part, half of the time (1 − ) /2 is for S → R transmission and the other half time (1 − ) /2 is for R → D transmission. The energy harvested in the EH time will be consumed in the IT time, so that the accumulated harvested energy is 0. Thus,
In this case, the harvested energy during seconds is given by
where 0 < < 1 is the energy conversion efficiency. The relay needs to forward the source message to the destination node with a transmission power for a time of (1− ) /2. We can get the relation as
So, combining (7) and (8), we can get
In this paper, throughput means the proportion of the effective communication time to the total time when the relaying transmission succeeds. As (1 − ) /2 is the effective communication time within one block of time , the throughput is calculated as
The throughput in (10) is a function of the channel gains ℎ and . They are random variables. Thus, the average throughput is
Discrete Time EH Protocol.
In this protocol, each block is used either for EH or for IT. If (0) < /2, the block is used for EH. Otherwise, it is used for IT. Within the IT part, /2 is used for S → R transmission, and the rest is for R → D transmission.
In Figure 2 , if 0 < /2, there will be EH blocks, and EH will continue until (0) > /2. Then, the relay starts the IT. However, if 0 > /2 at the beginning, there will be no EH part ( = 0), and the relay will start IT immediately. In this case, we can see that the harvested energy may not be completely consumed, so that 0 can be bigger than zero [21] .
In this case, when a block is used for EH, the harvested energy will be
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The TS protocol for EH and IT in AF relaying with continuous time EH [21] .
Figure 2: The TS protocol for EH and IT in AF relaying with discrete time EH [21] .
Similarly, the throughput of the discrete time EH is also = (1 − 0, )(1 − )/2, and the average throughput is
where ℎ ≜ {ℎ , ℎ −1 , ℎ −2 , . . .}.
Performance Analysis in Rician Fading Channels
In this section, we will derive the analytical expression for the throughput of each protocol in Rician fading channels.
Average Throughput of Continuous Time EH Protocol.
Since ℎ and are independent, (11) can be written as
The function of 0, is given by 
We assume the channel gain is Rician distributed. Thus, the PDF of |ℎ | or | | is given by
where 2 is the power of the cluttery component and V is the amplitude of the line-of-sight component. Using the transformation = 2 , |ℎ | 2 or | | 2 has the PDF of
Then, we get that E {1 − 0, } is
Here, we can see that when |ℎ | 2 < / , E{1 − 0, } = 0. Finally we get the average throughput by taking the PDF of |ℎ | 2 into the formula as
One sees that this is a two-dimensional nested integral, which is not easy to be computed numerically due to convergence issue. So we should do some simplifications. We notice that, in (20) , we can get ( + )/( − ) = ( / )(1 + ( + )/ 2 ). For ( + )/ 2 , it is 2 2 1 2 0 2 0 / = 2 0 /SINR SINR . In general cases, the SINR will not be very small, so ( + )/ 2 is much smaller than 1. So (20) can be approximated as
Also,
On the other hand, for
, we use the substitution 2 = / 2 to have
where function is defined as
Then, (25) can be
So we get
Combining (21) and (27), we get
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) . As we can see (29) is a one-dimensional integral from 0 to ∞, and due to the exponential function and the Bessel function, the integrand of this integral converges very quickly.
Average Throughput of Discrete Time EH Protocol.
Since 0→ = ( |ℎ | 2 / 1 ) and |ℎ | 2 has the PDF of (19) , one has
where is the dummy variable for the random variable 0→ , = / 1 , and the mean of 0→ is (2 2 + V 2 ) .
In the above, the harvested energy is ∑ =1 0→ . The leftover energy at the end of the first EH-IT pattern after consuming /2 in the IT part is ∑ =1 0→ − /2. Afterwards, for the second EH-IT pattern, if the leftover energy of the first EH-IT pattern is smaller than /2, it will be 0 for the second EH-IT pattern, but if it is larger than /2, it is also 0 of the second EH-IT pattern and will consume another /2 energy without energy harvesting. This process continues. We can deduce that the leftover energy at the end of any EH-IT pattern, in a sequence of EH-IT patterns, can be transformed to the same form as
0→
which is a function of , V, and . Consequently, the harvested energy available at the start of any EH-IT pattern, 0 , will have the PDF:
We have
In this case, 0, is independent of the EH time, , but it depends on the fading channels, ℎ and ; also depends on the accumulated harvested energy at the start of the th block, (0). Thus, (0) depends on S → R fading channels of the previous blocks, or ℎ \ ℎ = {ℎ −1 , ℎ −2 , . . .}. So the throughput can be written as
Using the results of (20) and (27), we can get
At the same time, we set as the number of the total EH blocks. Then we denote = −1 as the number of EH blocks just before the energy arrives /2. If 0 > /2, there will be = 0. When 0 < /2, we have known that the mean of
Thus
So we have
We use function considered before again, to get
From the definition of throughput we have
Combining (34) and (39), the average throughput is 
Numerical Result and Discussion
In this section, numerical results are presented to show the throughput of the system in Rician fading channels. The source transmission power is set to = 46 dBm. The path loss exponent is set to = 3. The distance from source to relay is set to 1 = 35 meters and the distance from relay to destination is set to 2 = 10 meters. The energy conversion efficiency is set to = 0.5. The threshold SNR is set to 0 = 55 dB. The noise variances at the relay and the destination nodes are set to 2 = −80 dBm and 2 = −110 dBm. Also, 2 = 0.5, which is the same as in the Rayleigh fading channel. We also obtain the simulation results to verify the analytical results obtained in Section 3. In the simulation, 100000 blocks are used, where we generate independent fading channels ℎ and for each block. We assume fixed power transmission at the relay so that is fixed while changes with ℎ , similar to [21] . Figure 3 shows the comparison of analytical and simulation results for the throughput of discrete time EH and continuous time EH in Rician fading channel. From Figure 3 we can see that the simulation and analytical result of the throughput of continuous time EH and discrete time EH in Rician fading channel match well. This shows the accuracy of the approximation we used. In addition, we can find that there is a peak in the curve. It is because the throughput is related to both the final SNR and the time for EH. When increases the final SNR will be larger so that the outage probability will decrease, which makes the throughput larger. On the other side, when becomes bigger, the time for EH will be more, which can decrease the throughput. Therefore, there will be that makes the throughput the biggest, which is the optimal. Moreover, we can see that the performance of discrete time EH protocol is better than that of continuous time EH protocol. There is energy left after a EH-IT pattern of discrete time EH protocol will harvest more energy when |ℎ | 2 is larger. Then it makes the EH time of the following EH-IT pattern smaller, so that the throughput will be larger. In Figure 4 , the value of increases from −25 dBm to 25 dBm. The performance of the throughput of discrete time EH and continuous time EH in Rayleigh and Rician fading channels can be compared. From the result, we can see that the throughput in Rician fading channel is higher than that in Rayleigh fading channels under the same other conditions. It conforms to the physical truth that the Rician fading channel is a better fading channel than Rayleigh fading channel, such that performance in Rician fading channel should be better than that in the Rayleigh fading channel. Figure 5 plots the optimal throughput when the noise variance at the destination nodes increases form −130 dBm to −70 dBm, so that the throughput also changes when the noise variance changes. The optimum throughput decreases when the noise variance increases. When the noise becomes bigger, needs to be bigger to satisfy the outage condition, which will make the EH time longer, and finally, makes the throughput decrease. Figure 6 shows the optimal throughput versus the threshold SNR when it increases from 30 dB to 70 dB. We can see that when the threshold SNR increases the throughput decreases. The higher threshold SNR needed, the higher final SNR should be, and it will require higher , which will make the EH time longer to decrease the throughput. When the threshold SNR increases, the gap between the simulation and analytical results increases, because when the threshold SNR increases the sensibility to 2 will be bigger, so the approximation becomes inaccurate in this case.
In Figure 7 , we examine the line of sight effect. The throughput when V = 1 is larger than that when V = 0.5.
When the line of sight increases, that is, the channel becoming better, the throughput will increase.
Conclusion
In this paper, we have derived the analytical throughput of continuous time and discrete time EH protocols used in AF relay in Rician fading channel and have proved the accuracy of the analytical throughput by computer simulation. In addition, we also discussed the performances in different situations for different transmit power of the relaying node, noise at the receive node, and threshold SNR. Moreover, the performance of the EH-IT protocols in Rician fading channel is better than that in Rayleigh fading channel, because of the channel improvement from the line of sight. In addition, the throughput will change while changes and there is a peak to attain the optimal throughput, and the optimal throughput will decrease when the noise and threshold SNR increases.
